Considering the overnight effect on the stock market, we construct a daily volatility measure that is formed by a linear combination of the three components, namely overnight volatility, morning realized volatility and afternoon realized volatility, and obtain the optimal solution in theory. An empirical work is performed for studying the daily volatility structure of Shanghai stock index and Shenzhen stock index in China's stock market by using our daily volatility measure. The empirical results show that, the daily volatility measure considering the impact of overnight variance and time segment performs better than original volatility measure.
Introduction
The modeling and forecasting of volatility is the basis of financial asset portfolio allocation, capital asset pricing and risk management, and has always been a hot topic in the financial field. With the improvement of high frequency data accessibility and the deepening of the research on high frequency data field, the use of high frequency data to estimate and model volatility has become a new trend in financial research [1] . Volatility measures based on nonparametric methods and using high frequency data are called Realized Volatility (RV) [2] [3] . RV is a well-known quantity that is constructed from high-frequency intra-day returns.
Andersen and Bollerslev [4] , Andersen et al. [5] , Barndorff-Nielsen and Shephard [6] pointed out that the realized volatility can be estimated by continuous sampling of intra-day returns, and theoretically proved that it is a consistent es-timate of the integrated volatility in an asset pricing process.
With the deepening of research, many scholars have found that the information in the non-trading period of stock markets which is the overnight period has a very important influence on the volatility (Hansen and Lunde [7] [8]; Taylor [9] ; Ahoniemi and Lanne [10] ; Oldfield [11] ; Tsiakas [12] ). The existing literature on stock market realized volatility has adopted several approaches to dealing with the overnight volatility. Hansen and Lunde [7] [8] firstly proposed the method of combining realized variance by optimizing the squared return weights of trading time and overnight time. Then, Ahoniemi and Lanne [10] verified the effectiveness of this method through empirical evidence. Christoffersen [13] proposed the method of adding the squared return of overnight to the daily volatility measure of trading time. Maderitsch [14] considered the impact of structural changes of asset prices and improved the volatility measure of Hansen and Lunde [7] [8] . In the study of the overnight effect of Chinese stock market on volatility, Sun [1] decomposed the realized volatility of trading time into two components: continuous path variation and jump, and combined with overnight volatility to form a daily volatility measure through the HAR-CJN model. Ma et al. [15] added overnight rate of returns as an explanatory variable to the high-frequency volatility model to study the impact on model prediction accuracy.
In general, the existing methods lack not only the analysis of the impact of asset volatility at different periods of the day, but also the research on the correlation and combination of different intraday volatility. As pointed out by Ahoniemi and Lanne [10] , how to optimize overnight information in the context of realized volatility remains an issue that needs further study. As an emerging market, the Chinese stock market is in a stage of rapid development and continuous improvement, which presents a unique pattern of changes. Especially from 2014 to 2016, the huge volatility of the Chinese stock market has highlighted the changeability and vulnerability of the stock market. The study on the integration of overnight variance and its impact on stock price volatility can enable us to measure the volatility more accurately, deepen our understanding of stock market volatility and improve the level of risk management of Chinese stock market, thus promoting the stable and healthy development of it.
Realized Volatility and Overnight Effect

Realized Volatility
represent the logarithmic pricing process of financial assets, and its generating mechanism can be expressed as a stochastic differential equation:
where μ(t) denotes the drift rate, σ(t) denotes the volatility, and w(t) denotes the standard Brownian motion. 
Then, there are a total of M returns in a day, and the intra-day return of the jth observation period is defined
The realized volatility is defined as: 
The Overnight Effect of China's Stock Market Volatility
Transactions in the Chinese stock market are concentrated on the Shanghai Stock Exchange (SSE) and the Shenzhen Stock Exchange (SZSE). The opening hours of each day are from 9:30 to 11:30 and from 13:00 to 15:00, namely, there are 4 hours of trading on each day. However, since the asset prices are changing all the time, using the price changing information observed in only four hours to describe the price changes of the whole day is inaccurate. So it is necessary to consider the price changes at the non-trading hours.
We define the intra-day return as the difference between the logarithm of the daily closing price and the logarithm of the previous daily closing price. The time of a day corresponds to the closing time of the previous day to the closing time of the day. Hence, we can divide the intra-day return into four periods: Phase I. Overnight period from 15:00 on the previous day to 9:30 on the day. Table 1 and Table 2 respectively show the statistical characteristics of realized volatility obtained at a 5-minute sampling interval.
It can be seen from Table 1 and Table 2 which is basically consistent with the reality of stock markets. The volatilities of the overnight period are slightly less than that of the afternoon, but are in the same order of magnitude as the averaged volatilities over the trading period.
Hence, it can be seen that the overnight effect is obvious and should not be ignored. Because the volatility of midday returns is extremely small compared to that of the other three time periods, in the following analysis we choose overnight volatility, morning realized volatility and afternoon realized volatility as the main components of daily volatility.
Research Methods
The intra-day return of the stock market is defined as the difference between the logarithm of the day's closing price and the logarithm of the previous day's closing price. According to the division of the four time periods in Figure 1 , the intra-day return of the t-th trading day of the stock market can be defined as , , ,
. Then we have the following conclusions. But in fact, since t IV is the integral of instantaneous volatility, it is an unobservable potential variable. Moreover, the asset price itself is disturbed by the micro-structure noise, so we cannot get a more accurate measurement value of actual t IV , and other methods need to be considered. Then we give the following theorem. 
Empirical Analysis
Selection of Sample Data
The empirical analysis data used in this paper is still 1-minute closing price data of China's stock market index from January 2, 2014 to November 2, 2015. Since most studies have confirmed that the 5-minute data can be considered almost impervious to the micro-structure noise of high-frequency data, and we have 
Correlation Analysis of Returns and Volatilities
In Assumption IV, we assume that the volatilities of different time periods are Table 3 and Table 4 .
As can be seen from the sample correlation coefficients in Table 3 and Table   4 , the overnight volatility is correlated with both the morning realized volatility and the afternoon realized volatility. In this case, the existence of correlation cannot be ignored. Hence, we use Equation (5) to calculate the daily volatility.
Parameter Estimation and Comparison of Volatility Measures
Using the result of Theorem 3, we calculate the parameters of 5, 10, 15, 20 and 30 minutes sampling intervals. As the final results obtained from different intervals do not differ much, we chose the 5-minute interval as the representative for the following analysis and explanation. Bring the return series into the formula in Theorem 3, we calculate the parameters as shown in Table 5 . r as a reflection of the real volatility, and use RV to represent the daily volatility measure which is constructed only by using high-frequency data of opening hours and without taking the overnight effect into account. We calculate the mean and variance of these Table 6 .
It can be seen that the daily volatility measure XRV constructed by us is closer to the real volatility value than the realized volatility measure RV which does not consider the overnight effect.
Finally, we use the mean square error (MSE) as the standard to measure the error, which is the most commonly used form of loss function in such judgment.
According to the principle of least square method, the smaller the sum of squared residuals, the more consistent the estimated value is with the real value.
In practical application, MSE is usually used as a measurement index. The smaller the expected value of the squared difference between the estimated value and the real value, the more accurate the model is. The specific definition is
, and MSEs between the volatility measures and the real volatility are shown in Table 7 .
As we can see from Table 7 , the mean square errors of the daily volatility measure we build (XRV) are less than the corresponding values of the measure without considering the overnight variance and time segment (RV).
Summary
Based on the above analysis results, we can draw the conclusion that, the daily volatility measure considering the impact of overnight variance and time segment (XRV) is superior to the realized volatility (RV), and can reflect the real situation of volatility more comprehensively. 
Conclusions
Due to the use of more intra-day data, the realized volatility measure based on 
